The mid-hills cover about 43% of Nepal's land area (Shrestha 1992 ) and accommodate 46% of Nepal's population. There is a great diversity of land use due to variations in topography, population density and market demand (Bhatta 2010a) . The fulfillment of subsistence requirements has for centuries been the primary objective of the majority of the farmers in the mid-hills (Carson 1992; Brown 1997) . However, in recent decades market-oriented production has emerged as a key driving force for land-use intensification in the densely populated urban fringes of Nepal (Brown and Shrestha 2000) . While subsistence farming is characterized by the integration of livestock and forestry with agriculture and traditional modes of production, intensification is characterized by double or triple crop rotations, expanded cultivation of vegetable cash crops, and the imprudent use of agrochemicals (Bhatta 2010a) .
Road access, along with proximity to input markets, is the main catalyst for expansion of commercial farming (Brown 2003; Brown and Shrestha 2000) and consequent use of agro-chemicals (Bhatta and Doppler 2011) . In the early 1980s agro-chemicals first appeared in newly accessible areas and their use quickly accelerated (Pokhrel and Pant 2008) . The environmental and health costs of inorganic farming have by now been widely felt in Nepal, raising awareness of the issue of sustainability (Bhatta et al. 2009 ); meanwhile, agriculture based on organic practices and balanced application of inputs on family-owned farms in the peri-urban and rural areas has shown a great deal of resilience (Sharma 2006) . This is because sustainable farming addresses many environmental and social concerns and offers innovative and economically viable opportunities for growers, laborers, consumers, and other stakeholders, as well as policymakers.
The problem of soil degradation exists in almost all parts of the mid-hills of Nepal, but the severity varies depending on different factors. Cultivation of the sloping marginal hills leads to severe soil erosion, while the scars of the green revolution are visible in the urban and peri-urban flat lands. Bio-physical factors such as variations in weather, landforms, soil types and resource availability (Verbung et al. 2004 ) as well as socio-economic factors such as social structure, family composition and needs, have combined with economic opportunities, technological availability and political systems to affect land use evolution (Briassoulis 2000) . Spatial methodologies are commonly used for the analysis of socio-economic phenomena and their distribution along the spatial gradient (Bhatta et al. 2009; Codjoe 2007; KC 2005; Evans and Moran 2002; Schreier and Brown 2001; Bowers and Hirschfield 1999; Joshi et al. 1999 ). The present study integrates micro-surveys in a Geographic Information System (GIS) in order to model the current situation and predict future economic viability of family farms, assuming the persistence of prevailing soil management practices.
Materials and methods
Location and physical aspects of the study area
The study was undertaken in the Lalitpur and Bhaktapur Districts, which have biophysical and socio-economic characteristics typical of the mid-hill region of Nepal (Figure 1a) . The low-lying flat plains of this region are characterized predominantly by the
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Research paper rice-wheat cropping pattern, while cultivation in the rainfed uplands is typically based on maize. Both of these cropping patterns are exhaustive in nature. Since most farmers in the mid-hills lack irrigated land, they must rely on maize as their major food source. Currently, farmers are producing several species of vegetables, both for in situ consumption and for market. However, commercial vegetable farming based on widespread use of agro-chemicals has had negative repercussions on agro-ecology.
The peri-urban part of the study area is located mostly in the Bhaktapur District and partly in the Lalitpur District, while the rural area is located in the hilly part of Lalitpur District. Figure 1b shows that the study area is characterized by an altitudinal gradient ranging from 900 to 2500 meters above sea level (masl). Elevation ranges from 1500 to 1800 masl cover much of the area, with only negligible land surface at less than 1000 masl.
Slope of the study area, derived from digital elevation model (DEM), is expressed in percent. Slope at a given grid cell is estimated from elevation of the surrounding eight grid cells. The following grid consists of nine grid cells labeled "A" through "I". If "a" represents elevation of the gird cell "A", "b" elevation of the grid cell "B", and so on, then the slope for cell "E" (central cell) A sizeable part of the study area is flat or nearly flat (0 to 5%); most of the land has a steep slope (>30%) (Figure 1c , Table 1 ). The rural hills, in general, have steeper slopes than do the urban and peri-urban areas. Slope along with fragile landscape leads to severe soil erosion in hill farming systems throughout the country (Brown and Shrestha 2000) .
Four dominant landforms are found in the study area (Figure 1d) . Alluvial plains and fans, generally with a slope of less than 5%, are composed of deposits from floodwater or runoff and tend to be rich in nutrients. Most of the Kathmandu Valley bottom is comprised of these formations. Another group of landforms, the ancient lake and river terraces (locally referred to as tars), are formed by water erosion; they have a gentle slope. The forth type of landform is composed of moderate and steep slopes which are prevalent primarily in hilly part of the study area.
Sampling and the data
The study was based on a crosssectional study of 130 farms. Ninety households were selected through spatial sampling; the remaining 40 were selected at random. Spatial sampling was adopted in rural and periurban areas because little information was available about these scattered households.
Household data were collected using a standard questionnaire prepared subsequent to a pilot study and administered through personal interview. The spatial data were collected from already available maps. These data include elevational contours, dominant landforms, soil types, roads and other infrastructure.
Integrating socio-economic data into the GIS This paper represents an attempt to develop a model by which farm income over years can be simulated based on a degradation scenario. The methodological framework entails integrating micro-survey data into a spatial environment. Farm income was calculated taking into account many facets of the farm economy, including production costs and market prices of crops. Farm income was integrated into the GIS database using Global Positioning System (GPS). Prior to spatial integration, the significance of the farm income variable was subjected to a test of spatial autocorrelation using Geary's Ratio and Moran's I. It was then subjected to spatial interpolation using Inverse Distance Weighting (IDW) to generate the output grid surfaces in which the value of each cell was 25 meters by 25 meters. The interpolation was performed based on the values of 12 neighboring sample points and their distance to the point of estimation. A linear trend in the sample data was assumed in the IDW.
We produced the digital elevation model (DEM) incorporating terrain parameters such as slope and elevation. Cost-distance analysis and dominant landform with land management practices along the spatial gradient were incorporated in the regional spatial model. Cost distances from farms to market center were calculated using the GIS-based cost weighted distance model (ESRI 1997) . Biophysical variables such as road infrastructure and slope were considered in the cost-distance modeling. This technique is based on the idea that a relative "cost" can be associated with moving across each cell in a map (ESRI 1992).
The cost of moving across a cell is calculated as the cell size (in meters) times a weighting factor based on the quality of the road and associated factors of the cell such as slope. The least-cost model evaluates the cost of moving between two designated source areas (from household location to market center) by calculating, for each cell, the cumulative weighted distance between the cells and the two sources.
Soil quality weighting
In preparing a comprehensive soil quality weighting for the study area, we considered dominant landforms available and four soil management practices commonly followed by the farmers.
Landforms are composed of typical varieties of soil with varying production potentials. Dark soils containing alluvial deposits, for instance, have good capacity to retain water and to supply nutrients (Singh et al. 2007 ), the essential requirements of the majority of crops (Rajbhandari and Bhatta 2008) . Lands rich in this first type of soil were given a high score. The second group is composed of soils around ancient lakes and river terraces, which have a higher rate of erosion than the first class. These lands are composed of hills with narrow valleys and elongated ridges; predominantly occupied by soil that is well to excessively drained, loamy skeletal in texture, slightly acidic (pH 5.2 to 6.9), with a shallow rooting depth (Singh et al. 2007) . Lands dominated by these types of soils grow food crops successfully, but yields are not comparable to those of the higher-weighted class described above.
A third landform type is composed of mountainous terrains with moderate slope, generally suitable for subsistence farming; the cost of land management is greater here than on flat lands. This landform was given lower weight than the classes discussed above. The fourth landform group is composed of mountain terraces with steep to very steep slopes, thin soil with stony subsoil; they are subject to severe erosion by both wind and water (Müller-Böker 1991) . The cost of land management is excessively high due to the rugged terrain. This group of lands has been given the lowest score. The difference between scores for alluvial flat lands and for mountainous terrain was calculated using the gross margin of rice. The ratio of the gross margin of rice in both classes is approximately to 1.5. The difference in the productive potential of two landforms composed of alluvial soils is very slight. They were, therefore, given higher values with narrow difference. Similarly, in weighting mountainous terrains with Soil management practices Fertility management practices followed currently are balanced fertilizer application, use of agro-chemicals only, use of manure only and unbalanced application of manure and fertilizers.
Balanced fertilizer application
This refers to soil management practices employed by organic growers around the peri-urban areas. Farmers using these practices apply organic manure and other locally available resources. They also follow other fertility management practices such as intercropping, terracing and application of farm waste to crops. Pest control is generally implemented by means of local materials and botanicals.
Use of agro-chemicals only
Commercial vegetable growers in the peri-urban areas follow this practice. Most farmers using agro-chemicals are near input markets. Generally, exhaustive crops and their rotations are followed. Farmers experience decline in partial factor productivity of fertilizers and pesticides in their farmlands.
Unbalanced application of manure and agro-chemicals
This is a kind of intermediate practice and is followed by some farmers in the peri-urban area. Farmers apply both organic manure and inorganic fertilizers. Although farmers do understand the value of organic manure in agriculture, chemical fertilizers are applied in concentrations so high that the buffering capability of the manure is overwhelmed.
Use of farm manure only
Farmers in rural areas follow this practice, in which crop nutrients are derived solely from locally-produced manure. Some farmers apply inorganic inputs, but the amount applied is so negligible that we would not characterize the practices as "inorganic farming." Rather, this mode of agriculture is more often referred to as organic by default or organic by neglect. The quantity of nutrient supplied to the crops is far below the crops' requirements, and the organic manure applied in the field is not enough to prevent soil erosion. Therefore, this form of soil management is not considered sustainable.
Balanced input application is important for good yields, and is considered one of the key components of sustainable agriculture. Consequently it is assigned a high value (2.00), followed by intensive land management based on inorganic inputs (1.90). Application of higher amount of inorganic fertilizer can make good yields likely, but a small amount of farm manure applied is unable to improve edaphic environment. Therefore, unbalanced application of organic manure and inorganic fertilizers this soil management practice is weighted at 1.80. The last category of management is traditional subsistence farming. Manure application is not enough to provide the nutrients required for a good yield. Lands managed in this way are accorded a low weighting (1.50).
After assigning a weight to each farm based on dominant landform and land management, we produced a map representing these characteristics using GIS overlay Following equation (ii), altogether 16 classes were formed in which the highest weight (4.00) was attributed to alluvial plain lands with balanced fertility management, while the lowest weight was assigned to steep-sloped mountainous terrains in the only fertilizer applied is locally-produced manure (2.10) ( Table 2) .
Results and discussion

Soil degradation scenario and land quality weightings
Practices such as continuous deployment of an exhaustive cropping pattern without prudent use of chemical fertilizers, abstinence from conservation measures and multiple cropping, and exploitation of marginal lands can exacerbate the problem of fertility degradation (Brown and Shrestha 2000) . The single greatest cause of declining crop production is unbalanced fertilization (Rattan and Singh 1997) . Unbalanced fertilizer application has led to a chronological emergence of macronutrients such as phosphorus and potash (P and K) and micronutrients such as zinc, sulfur and manganese (Zn, S and Mn) deficiencies. Even balanced application of macronutrients devoid of organic materials has been implicated in the deterioration of the physical, chemical and biological health of soil (Rattan and Singh 1997) . Most farmers have realized that prolonged overapplication of fertilizers is not sustainable in the medium to long run (Joshi et al. 1996) .
A decline in the partial factor productivity of nitrogen is generally due to a decrease in the nitrogen-supplying capacity of intensively cultivated lowlands (Cassman et al. 1994) . A series of long-term experiments initiated in India and Nepal indicated the superiority of organic materials such as Sesbania aculeata (Mandal et al. 1992; Singh et al. 2000; Kundu and Samui 2000) , FYM (Prasad and Sinha 2000) and residue (Singh et al. 2000; Prasad and Sinha 2000; Gami and Sah 1999; Bhatta and Subedi 2006) in enhancing soil quality and maximizing crop yields.
The rate of degradation in fertility also varies according to landform. For instance, the rate of soil decline is lower on plains than in hilly areas because of the compounding effects of steep slope and land structure. The decreasing use of organic matter and the land use shift from traditional subsistence farming towards intensive vegetable farming in the hill terraces will exacerbate land quality degradation in the future (Tiwari et al. 2009 ). Nevertheless, factor productivity on plains is declining because of the excessive use of agro-chemicals and continued monocropping of exhaustive crops (Bhatta 2010a) . Soil acidification caused by urea is a common concern in most intensively cultivated areas (Brown and Shrestha 2000) . Therefore, farmland with balanced fertilizer management (application of substantial quantities of organic manure along with a small proportion of inorganic fertilizer, as well as legume intercropping, for example) would have almost same quality weighting in the future. By contrast, production practices that are heavily dependent on agro-chemicals will result in fertility decline (Bhatta 2010b) . While in the alluvial lands the reduction due to intensive agro-chemical use is expected to be 5%, on river terraces with erosional land where agro-chemicals are abused, the fertility decline is assumed to be around 10%.
Results provided by running a soil erosion assessment model (Morgan et al. 1984) in the GIS environment show that annual soil loss rates are highest (up to 56 tonnes⋅ha
) on terraced slopes in hilly areas. Erosion from cultivated and grazing lands is a serious problem, and marginal upland agricultural sites are prone to a higher erosion rate (Brown and Shrestha 2000) . If farm production is based solely on agro-chemicals, we would assign a weighting 15% lower than would otherwise be attributed to that land. Similarly, with unbalanced land management practices, weighting reductions of 5%, 7% and 10% from the basic land quality are attributed to farmland on alluvial plains, river terraces and moderate to sloping terrain, respectively. In the alluvial plains, farming based solely on the application of an ample amount of farm manure is an ideal strategy to restore fertility and produce an acceptable yield. No reduction in weight is considered under this management practice; it is weighted at the same value. The amount of manure applied by the farmers, however, cannot meet the nutrient requirements of crop plants and cannot prevent soil erosion to same extent it would on river terraces and higher sloped lands. Therefore, such practices entail weight reductions of 3% and 10% from the baseline for river terraces and sloped lands, respectively.
For the purposes of our calculations, the prices of inputs as well as outputs were held constant: we assume that the impact of future inflation will be roughly equal on both sides of the ledger. It is also assumed that there will be no technological change in crop production for the time span considered and that farmers will use the same amount of inputs as in 2007, our base year. Consequently, land management is the single largest factor influencing the performance of production systems in our projections.
Following equation (iii), alluvial plains with balanced fertility management are accorded the highest quality score followed by river terraces with balanced application and alluvial plains where agro-chemicals are used. Under degradation scenario, there is no effect on soil quality under Research paper balanced fertilizer application while there has been substantial decrement in soil quality on the sloping landforms ( Table 2) .
Base model
The GIS-based multiple regression model, in which farm income is the dependent variable and land quality and cost-distance to primary market are the independent variables, shows significant trends. All variables in the model have the expected direction of relationship ( Figure 2a and estimated farm income using an emperical regression model are shown in Figure 2b . Both observed and estimated income have similar trends in accessible areas, while there is a mixed tendency at higher altitudinal gradients. This is because the regresion function underestimates income in the inaccessible areas. Similarly, both of the figures show declining farm income as one goes towards the rural setting from peri-urban areas.
Simulated model under land degradation scenario
Farm income under the soil degradation scenario was estimated using multiple regression, and the resulting functional form is presented in equation (iv). We used estimated farm income under the current regime (as shown in Figure 3a) , and farm income under the degradation scenario was deducted from current income while the difference was taken as the impact of degradation. The explanatory power of the independent variables is slightly higher (R 2 =65%) under future scenario (degradation situation) than that under the current situation (R 2 =61%). All of these coefficients are highly significant in predicting the changes in farm income per hectare (ha regressed by assumed land quality weighting and cost-distance to primary market. Figure 3b depicts loss in farm income due to the future scenario (degradation situation) as compared to the present situation. The current situation shows three distinct areas with respect to farm income, viz.: high, medium and low income zones, the high-income zone being located in the peri-urban areas while medium-and lowincome zones are located in rural areas. 
Research paper
The loss of farm income due to degradation is substantially higher in the low income zone (mainly in the hills), where it goes higher than 15%, while it is very small (0-2%) in high-income areas. Within the highincome accessible region, there is almost negligible loss of income, particularly where farmers follow organic practices (apply ample amount of organic manure), whereas income loss goes as high as 10% in the commercial inorganic farming area. This is due to the fact that farming in this zone is based solely on inorganic inputs whose continued use would reduce soil quality in the future. The higher loss of income in the rural area is basically attributable to low quality of the land associated with high erosion exacerbated by steep slopes.
The rural area is characterized by subsistence farming with poor standard of living. Income in most of remote areas ranges from less than 42,250-1,864,747 NRs⋅ha −1 ⋅year −1 and a loss of 10-15% income would have a substantial impact on the standard of living. This shows that rural life depends heavily on local resources, especially soil, and their degradation would have enormous effects on the income generation potential of farmers.
Conclusion
Four dominant practices of soil fertility management are assumed in this study. The baseline spatial explicit model shows a clear variation in farm income along the spatial gradient. Balanced application is considered a sustainable way of enriching soil and hence restoring its fertility over time. Relatively inaccessible rural areas have lower farm income than peri-urban areas. Farm-families living in the higher altitude relatively inaccessible areas have a lower standard of living and they are highly dependent on farming for their subsistence needs. The low lying valley hinterlands with good road access and other infrastructure are more tractable in terms of agricultural enterprise, but agro-ecological degradation should be taken seriously. GIS-based socio-economic analysis and modeling is a key approach to the study of complex phenomena and formulation of policies for future development. ) under soil degradation scenario, and (b, bottom) impact of soil degradation on farm income (% loss)
